Sequence analysis of a 63-kbp genomic EcoRI-fragment of Alcaligenes eutrophus, which was recently identified by using a dihydrolipoamide dehydrogenase-specific DNA probe (A. Pries, S. Hein, and A.
In the strictly fermentative bacteria Pelobacter carbinolicus (45) (46) (47) (48) and Clostridium magnum (34, 39) , the acetoin dehydrogenase enzyme system is the key enzyme for the catabolism of acetoin. This enzyme initiates the degradation of acetoin by the coenzyme A-, thiamine pyrophosphate (TPP)-, and NADdependent cleavage of acetoin into acetaldehyde and acetyl coenzyme A. Not only is the reaction formally analogous to the oxidative decarboxylation of 2-oxo acids that is catalyzed by the 2-oxo acid dehydrogenase complexes, but also the protein components of this system and even the organization of their genes are similar (50, 51) . The acetoin dehydrogenase enzyme systems of both fermentative bacteria are composed of three enzyme components, El (a TPP-dependent acetoin dehydrogenase, a2132), E2 (dihydrolipoamide acetyltransferase [DHLTA]), and E3 (dihydrolipoamide dehydrogenase [DHLDH] ); the structural genes encoding these proteins are clustered in the genomes of P. carbinolicus (46) and of C. magnum (34) . Oxidative cleavage of acetoin is an alternative to the cyclic pathway for the degradation of acetoin to acetate via the 2,3-butanediol cycle, which was postulated by Juni and Heym (31) for Acinetobacter calcoaceticus.
In acetoin-grown cells of the strictly respiratory bacterium Alcaligenes eutrophus also, a heterodimeric TPP-dependent This study eutrophus H16 DNA in pBluescript KS-harboring pdhA, pdhB, ORF3, and pdhL colinear to lacZ' pT7-4SH7. 3 
7.3-kbp insert (two adjacent genomic EcoRI fragments [E1.O and E6.3]) from A.
This study eutrophus H16 DNA in pT7-4 harboring pdhA, pdhB, ORF3, and pdhL colinear to the T7 promoter 2-oxoglutarate dehydrogenase complex and the glycine cleavage enzyme system (19, 21, 49) . Recent analysis of a TnSinduced mutant, which exhibited the phenotype poly(3-hydroxybutyric acid)-leaky and which harbored the transposon inserted into a DHLDH structural gene (54) , gave the first evidence that DHLDHs are also interchangeable between different enzyme systems in A. eutrophus. If an DHLDH is involved in the cleavage of acetoin also in A. eutrophus, its structural gene will most probably be clustered with the genes for the pyruvate or 2-oxoglutarate dehydrogenase complex. This study aimed at the identification and characterization of the A. eutrophus pyruvate dehydrogenase complex and focused on the DHLDH component. Molecular and biochemical characterization of this protein revealed a second example of a DHLDH possessing an N-terminal lipoyl domain (34) .
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains, plasmids, and DNA fragments used in this study are listed in Table  1 .
Growth of bacteria. A. eutrophus was grown at 30°C in a complex medium of nutrient broth (0.8% [wt/vol]) or in a mineral salts medium (MM1) as described by Schlegel et al. (60) . (42) . Plasmid DNA was prepared from crude lysates by the alkaline extraction procedure (6) . Restric- tions of DNA were performed with various restriction endonucleases under the conditions described by Sambrook et al. (57) or by the manufacturer. For introducing unidirectional deletions, the Stratagene Bluescript Exo/Mung DNA system was used as instructed by the manufacturer (Stratagene Cloning Systems, San Diego, Calif.). DNA fragments were isolated from agarose gels by using either a GeneClean kit (Bio 101, La Jolla, Calif.) (73) or the centrifugation technique described by Weichenhan (74) . All other DNA-manipulating enzymes were used as described by the manufacturer. Transformation. For transformation, E. coli was grown in LB medium containing 10 mM MgCl2 and 10 mM MgSO4 (22) . Competent cells were prepared and transformed by the calcium chloride procedure (57) .
Construction of a cosmid library. Total genomic DNA ofA. eutrophus was partially digested by SmaI and ligated to EcoRV-digested pHC79. The ligation products were subsequently packaged with phage A coat proteins by using an in vitro packaging kit which was prepared from E. coli BHB2688 and E. coli BHB2690 (28, 30, 32) and were transfected into E. coli S17-1.
DNA-DNA hybridization. Transfer of denatured DNA from agarose gels or from bacterial colonies to nylon membranes, hybridization with biotin-16-dUTP-labeled probes, and detection of DNA were performed by standard procedures (18, 37 . DNA sequence analysis. Plasmid pSKE6.3 was digested with ApaI and HindIII, and the linearized DNA was subsequently treated with exonuclease III and mung bean nuclease to introduce unidirectional deletions. By using pSKE6.3 and its deleted derivatives as template DNAs, and by using universal and reverse primers, the nucleotide sequence of the 6.3-kbp EcoRI fragment was determined. pSKE6.3 was also sequenced by using the primer-hopping strategy with synthetic oligonucleotides as primers (67) . DNA sequencing was carried out by the dideoxy-chain termination method of Sanger et al. (58) with double-stranded alkali-denaturated plasmid DNA, with d7-deaza-GTP instead of dGTP (43) , and with o-35S-dATP by using a T7 polymerase sequencing kit as instructed by the manufacturer (Pharmacia-LKB). Products of the sequencing reactions were separated in 6% (wtlvol) polyacrylamide gels in Tris-borate-EDTA-urea buffer (100 mM Tris, 83 mM boric acid, 1 mM Na2EDTA, 50% [wt/vol] urea) in an S2 sequencing apparatus (GIBCO/BRL GmbH, Eggenstein, Germany) and were visualized on X-ray films.
Analysis of sequence data. Nucleic and amino acid sequences were analyzed with computer programs from the Genetic Computer Group sequence analysis software package (14) .
Heterologous expression ofpdhA, pdhB, and pdhL in E. coli. The coupled T7 RNA polymerase promoter system of Tabor and Richardson (68) Preparation of cell extract. Cells of E. coli were disrupted by sonication in an MSE (150-W) ultrasonic disintegrator at an amplitude of 14 ,pnm for 1 min/ml of cell suspension. Soluble cell fractions were obtained as supernatants from a 1-h centrifugation at 100,000 x g and at 4°C. Protein content was determined as described by Lowry et al. (40) .
Enzyme assays. The assay mixture for the determination of pyruvate dehydrogenase complex activity contained 100 mM Tris hydrochloride (pH 7.5), 0.8 mM TPP, 0.5 mM MgCl2, 1.2 mM NAD, 6 mM dithiothreitol, 0.13 mM coenzyme A, 20 to 50 ,ug of protein from the crude cellular extract, and 1.5 mM pyruvate in a total volume of 1 ml. The activity was measured under anaerobic conditions by monitoring NAD reduction spectrophotometrically at 340 nm. The assay mixture for the determination of pyruvate dehydrogenase (El) activity contained 100 mM Tris hydrochloride (pH 7.5), 0.8 mM TPP, 0.5 mM MgCl2, 0.07 mM dichlorophenolindophenol (DCPIP) or ferricyanide, 50 to 100 ,ug of protein from crude cellular extract, and 2.5 mM pyruvate in a total volume of 3 ml. The activity was measured under anaerobic conditions by monitoring DCPIP or ferricyanide reduction spectrophotometrically at 578 or 420 nm, respectively. Amounts of E2 (DHLTA) and E3 (DHLDH) were determined spectrophotometrically in 100 mM Tris hydrochloride (pH 7.5) as described previously (45) by monitoring the initial rates of the formation of S-acetyldihydrolipoamide at 240 nm and of the oxidation of NADH at 365 nm, respectively.
Purification of DHLDH. The pdhL gene product was purified from recombinant E. coli K38 harboring pGP1-2 and pT74SH7.3. To maximize protein production, the T7 RNA polymerase promoter system was used. The Table 2 ). Therefore, ORF2 and ORF4 were referred to as pdhB and pdhL, respectively.
To clone the 5' upstream region of ORF1, which was not located on E6.3, a SmaI genomic library ofA. eutrophus in the cosmid pHC79 was screened with the biotinylated 6.3-kbp EcoRI fragment. Four of 650 clones hybridized with this probe, and each harbored an 11.4-kbp SmaI fragment (Fig. 1A) . A 1.25-kbp BamHI (referred to as B1.25) and a 1.0-kbp EcoRI (E1.O) subfragment, which overlap and which were obtained from one clone, were cloned into pBluescript SK-; the resulting hybrid plasmids were pSKB1.25 and pSKE1.0, respectively. Sequence analysis of both DNA fragments led to the identification of the 5' region of ORF1 (Fig. 1B) . Comparison of the amino acid sequence deduced from the nucleotide sequence of ORF1 with primary structures of proteins stored in data libraries revealed striking homologies to the pyruvate dehydrogenases of E. coli and Azotobacter vinelandii ( Table 2 ). Therefore, ORF1 was referred to as pdhA.
Nucleotide sequences ofpdhA, pdhB, ORF3, and pdhL. The nucleotide sequence of a region of 7,291 kbp was obtained from both strands of E1.0 and E6.3 (Fig. 1A ). It exhibited a G+C content of 66.5 mol%, which corresponded almost exactly to the value determined previously for total genomic DNA ofA. eutrophus (13) . The G+C contents ofpdhA, pdhB, pdhL, and ORF3 were 65.6, 67.8, 66.2, and 67.0 mol%, respectively. The G+C contents for the different codon positions followed the rules of Bibb et al. (5): the G+C contents for the first codon position of pdhA, pdhB, pdhL, and ORF3 were 63.4, 69.9, 66.2, and 65.5 mol%, respectively, whereas they were 40.6, 48.7, 43.4, or 50.1 mol% for the second codon position and 91.8, 84.6, 87.0, and 86.1 mol% for the third codon position. The codon preferences of pdhA, pdhB, pdhL, and ORF3 corresponded to those of other genes of A. eutrophus (35, 52, 53, 61) . The putative translational start codons of pdhA (ATG in position 22), pdhB (ATG in position 2877), ORF3 (ATG in position 4611), and pdhL (ATG in position 5322) were preceded by reliable Shine-Dalgarno sequences (Fig. 2) . These data provided evidence that not only pdhA, pdhB, and pdhL but also ORF3 represent protein-encoding information and that ORF3 is not only a very large noncoding region which separates pdhL from the rest of the operon such as in the E. coli ace operon (21) . However, no significant homologies to proteins stored in the data libraries were obtained with the amino acid sequence deduced from the nucleotide sequence of ORF3, not even with the deduced amino acid sequences of genes of unknown function occurring in the aco gene clusters of C. magnum or A. eutrophus, such as acoX (34, 52) . Since the other four ORFs, which were orientated antilinearly to the pdh genes, did not match the A. eutrophus codon preference, and since they were not preceded by reliable Shine-Dalgarno sequences, these ORFs most probably do not represent protein-encoding DNA sequences.
Sequences which exhibited significant homologies to the enterobacterial -35/-10 or -24/-12 promoter consensus sequence (3, 25) could not be identified in the 5' flanking regions of pdhA, pdhB, ORF3, or pdhL. Between pdhB and ORF3, an inverted repeat was found (Fig. 2 ). According to Tinoco et al. (70) , the free energy of this structure is 178 k/mol. In addition, an inverted repeat which included five U residues was identified at a distance of 17 bp downstream of pdhL (Fig. 2) . The free energy of this structure, which might represent a putative transcriptional termination signal, was 84 kJ/mol.
Properties of the pdhA, pdhB, and pdhL gene products. The polypeptide deduced from the nucleotide sequence of pdhA consisted of 895 amino acid residues ( Fig. 2) A. EUTROPHUS PYRUVATE DEHYDROGENASE COMPLEX 4401 4901 Fig. 2 ), which exhibited homologies to the consensus sequence for the attachment sites of lipoate (8) . One lysine residue was identified in the center of each repeating unit (amino acid positions 44 and 62, respectively; Fig. 2) , which is lipoylated in the E2 components of 2-oxo acid dehydrogenase complexes (8) . Both repeating units were flanked at their C termini by segments composed mainly of alanine and proline residues (Fig. 2) . Therefore, the Cterminal flanking regions of the putative lipoyl domains resembled those of the interdomain linker segments of DHLTA from E. coli (66) and other organisms. The interdomain linker segments are thought to provide flexibility to the lipoyl domains, facilitating active-site coupling within the multienzyme complexes (55) . The C-terminal region of the pdhB gene product exhibited strong homologies to the corresponding regions of the catalytic domains of dihydrolipoamide acyltransferases, e.g., of the E2 component of the E. coli pyruvate dehydrogenase complex (66) , including the conserved putative active-site histidine-aspartate couple (His-526 and Asp-530, Fig. 2 
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The polypeptide encoded by pdhL consisted of 594 amino acid residues and had a calculated Mr of 62,039. The main part of the amino acid sequence deduced from the nucleotide sequence ofpdhL, which starts at amino acid position 112 and extends to the C terminus, exhibited up to 66.8% amino acid identity to the total amino acid sequences of DHLDHs from various sources ( Table 2 ). This main portion of the polypeptide contains the characteristic sequence motifs which are conserved within the family of pyridine nucleotide-disulfide oxidoreductases (10) (Fig. 3) , i.e., the flavin adenine dinucleotide (FAD)-binding region (amino acid positions 125 to 150), the disulfide-active site surrounding both redox-active cysteine residues (Cys-159 and Cys-164), the NAD(H)-binding region (amino acid positions 297 to 325), and the interface region (downstream from amino acid position 554). In contrast to the classical type of DHLDH, which contains a FAD-binding domain close to the N terminus, the FAD-binding region of the pdhL-encoded protein of A. eutrophus is preceded by a typical lipoyl domain (Fig. 3) that is normally only found in the N-terminal region of dihydrolipoamide acyltransferases (this study and reference 55). To our knowledge, only the acoLencoded DHLDH, which was recently identified and characterized as the E3 component of the acetoin dehydrogenase enzyme system of the strictly anaerobic, gram-positive bacterium C. magnum (34) , exhibited analogous domain structures and had significant homology to the total amino acid sequence deduced from the nucleotide sequence ofpdhL (35.8% amino acid identity; Table 2 and Fig. 3 ). This indicated that the acoL and pdhL gene products of C. magnum and A. eutrophus, respectively, represent a new type of DHLDH. Heterologous expression ofpdhA, pdhB, and pdhL in E. coli. To confirm the molecular data, the A. eutrophus pdh genes should be expressed in E. coli, and independent evidence for the existence of this unusual DHLDH (68) . Rifampin, which was added to a final concentration of 400 ,ug/ml, inhibited the bacterial RNA polymerase, whereas the T7 RNA polymerase was not affected. Plasmid pT7-4SH7.3 directed the synthesis of three proteins with apparent Mrs of 94,000 + 10,000, 73,300 + 2,000, and 69,700 + 2,000), respectively, in addition to the P-lactamase (Mr, 29,000 ± 1,000) (Fig. 4, lanes b and c) . These proteins were absent in transformants harboring only the vector (Fig. 4, lanes a and d) .
An Mr of 94,000 was in good agreement with the theoretical Mr of 100,251 calculated for the pdhA gene product. In contrast, the Mrs calculated for PdhB and PdhL were 57,273 and 62,039, respectively, and were significantly lower than those estimated for the two other proteins of the autoradiogram of the SDS-polyacrylamide gel. This coincided with the anomalous electrophoretic migration behavior of SDS-denaturated dihydrolipoamide acyltransferases from different sources, which has been repeatly reported in the literature and is caused by elongated or swollen lipoyl domains (7, 23, 41, 44, 46, 66) . It therefore corresponded with the putative presence of lipoyl domains at the N termini of the gene products of pdhB and pdhL. A protein band, which would correspond to the putative ORF3 gene product and would represent a protein comprising 225 amino acids (Fig. 2) and exhibiting a calculated Mr of 25,000, was not detected in the electropherograms of the recombinant transformants.
Enzyme activities of the pyruvate dehydrogenase complex and of its components were assayed in ultrasonic extracts obtained from cells of recombinant strains which had been grown in TB or M9 medium supplemented with 0.5% (wt/vol) sodium succinate or acetate. Pyruvate dehydrogenase (El) activity was not detectable in either E. coli strain, using either DCPIP or ferricyanide as the nonphysiological electron acceptor. The specific activities of DHLTA (E2) and of DHLDH (E3) in the recombinant E. coli K38(pGP1-2, pT7-4SH7.3) were significantly higher than in the control E. coli K38, which harbored only plasmid pGP1-2 (Table 3) , indicating the expression of A. eutrophus pdhB as well as of pdhL. No differences were obtained for the specific activity of the overall reaction of the pyruvate dehydrogenase complex in both strains of E. coli, using NAD+ as the physiological electron acceptor. 59 M* I* **P**G* *K GD * L **DK* **V*S *G V * Purification of the DHLDH of the A. eutrophus pyruvate dehydrogenase complex. The pdhL gene product was purified 60-fold to approximately 90% electrophoretic homogeneity from the recombinant E. coli K38(pGP1-2, pT7-4SH7.3) in a three-step procedure (Table 4) . At pH 7.5 in 100 mM Tris hydrochloride buffer, DHLDH activity bound to DEAESephacel and was eluted at 150 mM NaCl by using a linear gradient of sodium chloride. Chromatography on DEAESephacel resulted in a 4.9-fold increase of the specific activity, and 83% of the enzyme activity was recovered. The enzyme preparation obtained was tested for binding of DHLDH to several triazine dye affinity media which had been equilibrated with 100 mM Tris hydrochloride buffer (pH 7.5). DHLDH bound to Procion Blue H-ERD, Procion Brown MX-5BR, and Procion Green HE-4BD, whereas it did not bind to Procion Blue MX-2G, Procion Orange A, Procion Yellow MX-8G or Procion Green A, each coupled to Sepharose 4B-CL. Because of the strength of binding, Sepharose 4B-CL-Procion Blue H-ERD was chosen for further purification. DHLDH was eluted from the column at 250 mM NaCl. The enzyme was enriched 13-fold by this step, and 64% of the activity was recovered. Because of the considerable insensitivity of DULDH to high temperatures (15, 45) (Fig. 4, lanes b and c) . The DHLDH from A. eutrophus proved to be highly specific for NAD(H); no reaction was observed with NADP(H). The b E. coli K38(pGP1-2) and the recombinant E. coli strain were grown at 30°C in 50 ml of TB or M9, supplemented with thiamine (1 ,ug/mi). Ampicillin and kanamycin were each added to a final concentration of 100 ,ug/ml. In the late exponential growth phase, the temperature was raised to 42°C for 20 min. After rifampin had been added (400 ,ug/ml), the cells were shifted to 37°C and were harvested after 2 h of cultivation at this temperature. c E. coli YYC202 (pKSEE7.3) and E. coli YYC202 were grown at 37°C in 50 ml of MM2. Ampicillin and tetracycline were added to final concentrations of 100 and 12.5 ,ug/ml, respectively. Cells were harvested at the beginning of the stationary growth phase (Fig. 6 ). N-terminal amino acid sequence determined from the highly purified DHLDH (SVIEVKVPDIGDFDAVEVIE) was identical to the N-terminal amino acid sequence deduced from the nucleotide sequence of pdhL except for the terminal methionine residue, which was presumably removed by posttranslational modification (Fig. 2) .
-----------------------
Complementation of the aceEF deletion mutant E. coli YYC202. E. coli YYC202 is affected in aceE (encoding pyruvate dehydrogenase) and aceF (encoding DHLTA) and is unable to grow in media lacking acetate (11, 12) . To (Fig. 6 ). DHLDH and DHLTA activities as well as the overall reaction of the pyruvate dehydrogenase complex were detected only in the recombinant strain of E. coli (Table 3) and not in the parent strain. Although El activity was not detectable, the restoration of prototrophy in transformants harboring pK-SEE7.3 clearly demonstrated that a functionally active pyruvate dehydrogenase was expressed from pdhA.
DISCUSSION
This study identified and characterized the A. eutrophus structural genes pdh/A, pdhB, and pdhL for the enzyme components El, E2, and E3, respectively, of the pyruvate dehydrogenase complex. Together with ORF3, the function of which remained unknown, these genes occur as a cluster that was colinear in the order pdhA, pdhB, ORF3, and pdhL on a 7.3-kbp chromosomal fragment. It has to be shown whether all pdh genes and ORF3 constitute a single operon, which is transcribed from an as yet unidentified promoter upstream of pdhA, or ifpdhL can be independently expressed, such as in E. coli (21) . The genes for the El and E2 components of other (Fig. 7) . The major genes was dependent on promoters located on the vectors. The ihly homologous to the heterologous expression of pdhA, pdhB, and pdhL under the ene productmshared this control of the T7 RNA polymerase promoter in E. coli K38(pGPl-2, pT7-4SH7.3) was demonstrated by the occurrence of radiolabeled protein bands in electropherograms as well as by spectrometric detection of DHLDH (19, 21, 49, 63) . Besides LPD-glc, P. putida contains two additional separate DHLDHs: LPD-val, the E3 component of the branched-chain oxo acid dehydrogenase complex, and LPD-3, which was isolated from a pseudorevertant of a mutant affected in the LPD-glc structural gene. The LPD-3 gene is not part of an oxo acid dehydrogenase operon, and the gene product replaces LPD-glc in mutants with insertionally inactivated lpd-glc (49) .
A Tn5-induced PHB-leaky mutant of A. eutrophus, which harbored the transposon inserted into pdhL, expressed less DHLDH activity than the wild type but grew like the parent strain on pyruvate, fructose, gluconate, acetoin, or succinate (54) . Since the transposon had inserted into the C-terminal part of pdhL (Fig. 2) , in this mutant the major portion of this DHLDH (amino acids 1 to 493), which includes the characteristic sequence motifs such as an FAD-binding site, disulfideactive site, and NAD(H)-binding region, remained unaffected. Therefore, it is obscure whether the modified pdhL gene still expresses partially active DHLDH or whether the second DHLDH substitutes for the pdhL gene product. Studies with insertionally inactivated pdhL and the characterization of the second DHLDH (26, 54) will reveal additional features of DHLDHs in A. eutrophus.
